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Abstract The cultivated sugarcane (Saccharum
spp. hybrids, 2n = 100–130) is one crop for which
interspeciWc hybridization involving wild germplasm
has provided a major breakthrough in its improve-
ment. Few clones were used in the initial hybridiza-
tion event leading to a narrow genetic base for
continued cultivar development. Molecular breeding
would facilitate the identiWcation and introgression of
novel alleles/genes from the wild germplasm into cul-
tivated sugarcane. We report the identiWcation of
molecular markers associated with sugar-related traits
using an F1 population derived from a cross between
S. oYcinarum ‘Louisiana Striped’ £ S. spontaneum
‘SES 147B’, the two major progenitor species of

cultivated sugarcane. Genetic linkage maps of the
S. oYcinarum and S. spontaneum parents were pro-
duced using the AFLP, SRAP and TRAP molecular
marker techniques. The mapping population was
evaluated for sugar-related traits namely, Brix (B) and
pol (P) at the early (E) and late (L) plant growing sea-
son in the plant cane (04) and Wrst ratoon (05) crops
(04EB, 04LB, 04LP, 05EB and 05EP). For
S. oYcinarum, combined across all the traits, a total
of 30 putative QTLs was observed with LOD scores
ranging from 2.51 to 7.48. The phenotypic variation
(adj. R2) explained by all QTLs per trait ranged from
22.1% (04LP) to 48.4% (04EB). For S. spontaneum, a
total of 11 putative QTLs was observed with LOD
scores ranging from 2.62 to 4.70 and adj. R2 ranging
from 9.3% (04LP) to 43.0% (04LB). Nine digenic
interactions (iQTL) were observed in S. oYcinarum
whereas only three were observed in S. spontaneum.
About half of the QTLs contributed by both progeni-
tor species were associated with eVects on the trait
that was contrary to expectations based on the pheno-
type of the parent contributing the allele. Quantitative
trait loci and their associated eVects were consistent
across crop-years and growing seasons with very few
QTLs being unique to the early season. When the data
were reanalyzed using the non-parametric discrimi-
nant analysis (DA) approach, signiWcant marker-trait
associations were detected for markers that were
either identical to or in the vicinity of markers previ-
ously identiWed using the traditional QTL approach.
Discriminant analysis also pointed to previously
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unidentiWed markers some of which remained
unlinked on the map. These preliminary results sug-
gest that DA could be used as a complementary
approach to traditional QTL analysis in a crop like
sugarcane for which saturated linkage maps are
unavailable or diYcult to obtain.

Keywords Saccharum · Brix · Pol · Molecular 
markers · Quantitative trait loci · Discriminant 
analysis

Introduction

Cultivated sugarcane (Saccharum spp. hybrids,
2n = 100–130) belongs to the genus Saccharum of the
family Poaceae. The genus is characterized by clonal
propagation, complex aneu-polyploidy and high levels
of heterozygosity. Cultivated sugarcane is a derivative
of interspeciWc crosses involving S. oYcinarum and
S. spontaneum (although minor contributions from
S. barberi and S. sinense have also been observed)
(Roach 1972; Sreenivasan et al. 1987). The interspe-
ciWc hybridizations were initiated principally to transfer
disease resistance genes from the wild S. spontaneum
to the erstwhile domesticated S. oYcinarum. The inter-
speciWc hybrids were subjected to a series of back-
crosses to S. oYcinarum to recover its high sucrose
producing ability.

Unfortunately, very few parents were used in the
initial hybridization event that occurred a century ago
and, the derivatives from the event quickly became
the genetic base for sugarcane breeding programs all
over the world. The genetic base of modern sugarcane
is, thus, very narrow and this has been mentioned as
one of the factors responsible for the slow progress
currently being experienced by some sugarcane
improvement programs (Jackson 2005).

Mindful of the narrow genetic base of cultivated
sugarcane and of the tremendous gains that could be
achieved from tapping novel alleles from wild rela-
tives of sugarcane, a basic breeding program was
established by the United States Department of Agri-
culture at Houma, Louisiana. The program seeks to
identify and introgress useful genes from these wild
relatives into the cultivated background. The release
in 1993 of LCP 85-384 (Milligan et al. 1994), a
widely adopted (>91%) cultivar in Louisiana (Legen-
dre and Gravois 2006) is testament to the success of

this program. This cultivar ushered in increased levels
of disease resistance and ratooning ability (stand lon-
gevity) and increased cane yield by 20–25% which
contributed to substantial boosts in sugar production
that was unprecedented in recent memory (Milligan
et al. 1994). The cultivar was derived from a BC4

generation of a cultivar £ S. spontaneum cross.
The basic breeding program was established in

1964 however, the Wrst signiWcant sugarcane cultivar
from this program was not released until 30 years
later. EVorts to identify and introgress novel genes
from these wild relatives of sugarcane into the culti-
vated background can now be expedited through the
use of molecular markers. In other crop species
including tomato (Tanksley et al. 1996; Lecomte et al.
2004; Bernacchi et al. 2004) and corn (Bouchez et al.
2002), it has been possible using molecular markers to
detect quantitative trait loci (QTL) that control the
genetic variability of complex traits and to introgress
more than one QTL at a time through marker-assisted
selection. Marker-assisted introgression is expected to
improve selection eYciency and expedite the recovery
of elite genotypes during selection (Visscher et al.
1996).

Sugarcane has lagged behind other crops in utilizing
molecular markers because of its complex genetics,
i.e., large genome size, multiple alleles per locus from
both homologous and homoeologous chromosomes
and the lack of diploid relatives with simpler genomes
that could be exploited to unravel its complex genome.
The adoption of the single-dose marker mapping
approach has facilitated the development of genetic
linkage maps and our ability to identify and quantify
the eVects of genomic regions underlying simple
(Daugrois et al. 1996; Asnaghi et al. 2004; Raboin
et al. 2006) as well as complex (Ming et al. 2001; Hoa-
rau et al. 2002; Aitken et al. 2006; Al-Janabi et al.
2007) traits.

Sugar yield is among the important traits in any
sugarcane improvement program. Sugar yield is the
function of cane yield and recoverable sucrose content
from the harvested cane. Maximizing the sucrose con-
tent component of sugar yield would minimize har-
vesting, transporting and milling costs and lead to
lucrative returns (Jackson and Morgan 2003; Aitken
et al. 2006). Sucrose content at the beginning of the
crushing season (September in Louisiana) is typically
low and increases as the cane matures. One strategy to
increase proWtability in the Louisiana sugar industry
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would be to develop cultivars that accumulate high
sucrose content at the commencement of the crushing
season. The 9-month growing season imposed by
freezing temperatures in December, compared to
12–18 months in more tropical environments, further
compels the necessity for early maturing cane in Loui-
siana. Research has shown that, for sucrose content,
genetic variation and predicted gains from selection is
typically higher in the earlier compared to the later
months of the growing season (Cox et al. 1990) and
that, selection practiced on the immature crop (early
season) would have minimal adverse eVects on the rel-
ative rankings of clones in the mature crop (Jackson
and Morgan 2003). Breaux (1987) and Cox et al.
(1994) further demonstrated that it was possible to
breed high early sucrose sugarcane varieties using
recurrent selection.

Whereas S. oYcinarum is unarguably the best
source of genes for sugar-related traits, recent evidence
in tomato using molecular markers suggest that wild
relatives (such as S. spontaneum with relatively low
sucrose content) cannot be discounted as potential con-
tributors of novel genes for such a trait (Tanksley and
McCouch 1997). ReVay et al. (2005) found several
markers associated with positive eVects for sucrose
accumulation that were inherited from S. spontaneum
whereas Ming et al. (2001) found markers associated
with negative eVects that were inherited from
S. oYcinarum. Since both progenitor species of culti-
vated sugarcane can harbor alleles that can contribute
either positively or negatively to sucrose accumulation,
some knowledge about chromosomal segments or alle-
les outside the targeted QTL which may adversely
impact a trait would hasten selection during introgres-
sion and increase selection eYciency. Therefore, this
study was undertaken to detect QTLs controlling
sugar-related traits in these two progenitor species of
modern sugarcane based on an F1 cross between
S. oYcinarum ‘Louisiana Striped’ £ S. spontaneum
‘SES 147B’. The sugar-related traits were measured in
the early and late plant growing seasons over two crop-
years (plant and Wrst ratoon cane crops). The objectives
were to detect QTLs controlling these traits and in par-
ticular to determine if diVerent and/or similar QTLs
control these traits in the early and late part of the plant
growing season and if QTLs stable across crop-years
could be identiWed.

Traditional methods to identify QTLs would
require mapping populations derived from crossing

between two parental clones. Quite often these popu-
lations are atypical of those normally used by plant
breeders. Recently, non-parametric approaches devel-
oped in human genetics (Cardon and Abecasis 2003)
that do not require conventional mapping populations
have been proposed and used to declare marker-trait
associations in plants (Breseghello and Sorrells
2006). One such non-parametric technique, discrimi-
nant analysis (DA), is a multivariate approach to
genetic analysis that associates an individual with a
descriptive class (Fisher 1936). Using the DA
approach, several microsatellite markers associated
with agronomic traits were identiWed in rice and
wheat (Capdevielle et al. 2000; Fahima et al. 2002;
Zhang et al. 2005). Similarly, Mcharo et al. (2004,
2005) identiWed AFLP markers associated with vari-
ous traits in sweet potato. Aluko (2003) and Alwala
et al. (2008a) using traditional mapping populations
of rice and maize, respectively, found marker-trait
associations that were common to both the DA and
the traditional QTL mapping approach. Using our
mapping population as a reference, we evaluated the
potential of the DA technique to identify marker-trait
associations in sugarcane by comparing the results
from DA with those identiWed using the conventional
composite interval mapping (CIM) QTL analysis
approach.

Materials and methods

Field trial and phenotyping

The mapping population consisting of 100 F1 individu-
als derived from a cross between S. oYcinarum (‘Loui-
siana Striped’, 2n = 80) £ S. spontaneum (‘SES 147B’,
2n = 64), the S. oYcinarum parent and four check cul-
tivars were grown at the USDA Sugarcane Research
Unit farm, Chacahoula, Louisiana. The S. spontaneum
parent could not be planted to the Weld due to USDA
quarantine regulations. The trial was planted in
November 2003 into single-rows, 3 m plots with 1.8 m
between rows. The plots were arranged in a random-
ized complete block design (RCBD) with three replica-
tions. Standard sugarcane cultural practices for
Louisiana were followed (Legendre 2001). In the plant
(2004) and Wrst ratoon (2005) crop-years, 10 stalks
from each plot were randomly chosen and the juice
was extracted to estimate Brix (total soluble solids
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including sucrose in the juice sample, w/w) and pol
(estimate of sucrose in the juice sample, w/w). The
samples were collected during the early (late August)
and late (late November) plant growing season. Brix
was recorded in the laboratory using a RFM refractom-
eter (Bellingham and Stanley+ Co, England). Pol read-
ings of the clariWed juice were obtained using an
automated saccharimeter (Kernchen, Germany). In the
2004 plant cane crop only early season Brix (04EB)
was measured whereas the late season data included
Brix (04LB) and pol (04LP). In the 2005 Wrst ratoon
crop, the plots were inaccessible following the devasta-
tion from Hurricanes Katrina and Rita, thus, data were
available only from the early season for Brix (05EB)
and pol (05EP).

Genotyping and linkage map construction

The ampliWed fragment length polymorphism (AFLP),
sequence-related ampliWed polymorphism (SRAP) and
target region ampliWcation polymorphism (TRAP)
marker techniques were employed to generate poly-
morphic bands among the 100 F1 individuals and the
two parents. SRAP markers are arbitrarily designed to
contain AT- and GC-rich motifs that anneal to intron
and exons, respectively (Li and Quiros 2001) and the
TRAP primer sequences were designed from sucrose-
related genes namely, sucrose synthase, soluble acid
invertase and calcium dependent protein kinase genes
(Alwala et al. 2006). A total of 344 markers were gen-
erated for the S. oYcinarum parent and 306 markers
for the S. spontaneum parent from 35 AFLP, 32
SRAP and 17 TRAP primer combinations. Two
genetic linkage maps were constructed: one for
S. oYcinarum ‘Louisiana Striped’ and the other for
S. spontaneum ‘SES 147B’. The framework map of
S. oYcinarum comprised of 146 linked markers spread
over 49 linkage groups while the S. spontaneum map
comprised of 121 linked markers in 45 linkage groups.
A detailed mapping study has been previously reported
(Alwala et al. 2008b).

Statistical analysis

The phenotypic data, excluding that of the check cul-
tivars, were tested for normality using the PROC
UNIVARIATE option of SAS ver 9.1 (SAS Inc.,
Cary, NC) and all found to be normally distributed.
The means, range of means and the standard errors of

Brix and pol across the crop-years 2004 and 2005
were calculated from the complete unadjusted data.
The analysis of variance (ANOVA) was performed
using PROC GLM of SAS using the model
yij = � + �i + �j + eij, where yij is the phenotypic mean
of a particular trait with � as the overall mean, �i as
the genotype eVect, �j as the block (replication) eVect
and eij as the error eVect. All eVects in the model were
considered as random. Estimates of variance compo-
nents (genotypic variance, �2

g and error variance, �2
e)

were calculated as described by Searle (1971). Broad
sense heritability estimates were calculated using the
formula H2 = �2

g/(�
2

g + �2
e/r) where r is the number

of replications. Genotypic correlation coeYcients (rg)
among the traits were calculated based on adjusted
means using the PLABSTAT software (Utz 2001).

QTL analysis

The method of Composite Interval Mapping (CIM)
(Zeng 1994; Jansen and Stam 1994) was eventually
employed to detect QTLs and to estimate their
eVects although we initially performed Simple Inter-
val Mapping (SIM) to investigate the extent to which
the same markers would be identiWed by both meth-
ods. Cofactors were selected using a stepwise regres-
sion method and the Wnal model was selected where
the AIC (Akaike’s information criterion) was mini-
mized at penalty = 3.0. The phenotypic variation
explained by each QTL was determined as the
square of the partial correlation coeYcient (partial
R2), keeping the eVects of all other QTLs for that
particular trait as Wxed. The proportion of total phe-
notypic variation explained by all QTLs in the model
was determined (adjusted R2) after making adjust-
ments for number of terms in the multiple regression
model. The threshold LOD score for each trait was
computed as described by (Churchill and Doerge
1994) using 1,000 permutations. All the QTL analy-
ses were performed using the PLABQTL software
(Utz and Melchinger 1996).

To detect epistatic interactions, every single sig-
niWcant QTL detected using CIM was tested for
linear £ linear digenic interactions by multiple regres-
sion analysis using SAS ver 9.1 (SAS Inc., Cary, NC).
The phenotypic variation explained by individual
interacting QTLs was determined as partial R2 and
total phenotypic variation accounted by all interacting
QTLs was determined as adjusted R2 of multiple
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regression. The digenic interactions were deemed sig-
niWcant at the P < 0.05 level.

Marker-trait association using discriminant analysis 
(DA)

Discriminant analysis was performed according to
Mcharo et al. (2004). Data from the F1 mapping pop-
ulation for each trait was divided into three groups
(high, intermediate and low) based on 2 standard
deviation grouping. Using the PROC STEPDISC
option of SAS, a forward method parametric DA was
performed with criteria set to default (SLENTRY =
0.15) to select the most informative markers that
diVerentiates the individuals in the groups. Using
PROC DISCRIM, a non-parametric DA was per-
formed employing the selected markers to construct
and validate a class prediction function and to predict
group membership. This cross validation step tests for
the eYciency of the selected markers to classify the
genotypes into the appropriate group. The classiWca-
tion error rates derived from the cross validation pro-
cedure provide a measure of overall model eYciency.
While performing the DA, we assumed no population
structure in the mapping population as all the progeny
were full sibs.

Results

Phenotypic evaluation

The analysis of variance revealed signiWcant diVerences
(P < 0.01) among the genotypes in the F1 population
with evidence of transgressive segregation for the
traits Brix and pol in both (2004 and 2005) crop-years
(Table 1; Fig. 1). Positive genotypic correlation
coeYcients were observed among all the traits under
study (Table 2).

QTL analysis

Saccharum oYcinarum

Most of the QTL markers detected by CIM analysis
were also detected by the SIM analysis. For the CIM
analysis, the number of selected cofactors ranged
from 11 (05EB) to 16 (04EB and 05EP). The eVect of
the cofactors ranged from 6.3 to 37.7 when combined

across all traits. CIM analysis detected a total of 30
QTLs across all Wve traits with the LOD scores rang-
ing from 2.51 to 7.48 (Table 3). In the year 2004,
seven QTLs were observed for 04EB on the linkage
groups (LG) L6, L8, L15, L35, L40 and L49 explain-
ing a total variation of 48.4%. The variation explained
by the individual QTLs ranged from 3.0% (EM11714
on LG L15) to 34.3% (EM1186 on LG L6). For
04LB, six QTLs were observed which explained a
total variation of 35.5%. The variation explained by
individual 04LB QTLs ranged from 4.4% (EM886 on
LG L20) to 27.2% (EM1186 on LG L6). The QTLs
on LG L6, L8 and LG L49 were common to both the
04EB and 04LB traits. Five QTLs were observed for
04LP on LGs L3, L4, L6, L21 and L33 accounting for
a total variation of 22.1%. The variation explained by
individual 04LP QTLs ranged from 3.4% (sus41 on
L33) to 12.7% (EM1186 on L6). The QTL associated
with a negative eVect on LG L6 (EM1186) was con-
sistently present in all the traits measured in 2004.

In 2005, six QTLs were observed for 05EB (two
on LG L6 and one each on LG L8, L35, L40 and
L49) explaining a total variation of 47.4%. The vari-
ation explained by individual 05EB QTLs ranged
from 11.0% (EM475 on LG L8) to 32.2% (EM1186
on LG L6). For 05EP, six QTLs were detected with
a total variation of 36.2%. Individual 05EP QTLs
eVects on the phenotype ranged from 7.8% (EM287
on LG L35) to 15.0% (sr151 on LG L45). The QTLs
detected on LG L35 and L49 were consistent for
05EB and 05EP.

Combined across both crop-years, the QTLs
detected on LG L6 and L49 were consistent for all the
traits except 05EP and 04LP, respectively. The QTL

Table 1 Means § SE, ranges of means, mean squares (MS), F-
value and broad sense heritability (H2) estimates for Brix (B, %)
and pol (P, %) from 100 F1 individuals derived from a
S. oYcinarum £ S. spontaneum cross evaluated at the early (E)
and late (L) growing seasons in the years 2004 (plant cane, 04)
and 2005 (Wrst ratoon, 05)

** SigniWcantly diVerent at 0.01

Trait Mean § SE Range MS F value H2

04EB 7.90 § 0.56 3.75–11.73 2.55 2.76** 0.69

04LB 9.24 § 0.28 6.52–12.69 1.57 6.82** 0.87

04LP 7.88 § 0.42 3.60–11.70 5.02 9.52** 0.89

05EB 6.85 § 0.21 5.56–8.98 0.53 4.11** 0.77

05EP 2.78 § 0.30 1.7–5.2 1.09 3.94** 0.74
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detected on LG L35 was consistent for the traits
04EB, 05EB and 05EP whereas the QTL detected on
LG L40 was consistent for 04EB and 05EB. Contrary

to expectations, half of the QTLs contributed by
S. oYcinarum, the high sucrose parent, had a negative
eVect on sucrose accumulation.

Saccharum spontaneum

As observed in S. oYcinarum, most of the QTLs
detected by CIM analysis in the S. spontaneum parent
were also detected by SIM analysis. Combined across
all the traits, the number of cofactors used in CIM
analysis ranged from 3 (04EB and 04LB) to 9 (05EP)
with eVects ranging from 6.8 to 19.8. A total of 11
QTLs were observed with the LOD scores ranging
from 2.62 to 4.7 (Table 4). In 2004, two QTLs were
observed for 04EB, one each on LG S5 and S33

Fig. 1 Frequency distribution of Brix, and pol data among 100
progeny, derived from an interspeciWc cross between
S. oYcinarum £ S. spontaneum, measured early and late in the
growing season during the years 2004 (plant) and 2005 (Wrst

ratoon). The arrow indicates data from the S. oYcinarum ‘Lou-
isiana Striped’ parent. Data for the S. spontaneum parent was
unavailable as regulations do not permit their planting (weedy
species) to Weld trials
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Table 2 Genotypic correlation coeYcients among Brix (B) and
pol (P) estimated in a S. oYcinarum £ S. spontaneum cross at
the early (E) and late (L) growing seasons in the years 2004
(plant cane, 04) and 2005 (Wrst ratoon, 05)

** SigniWcant at 0.01 level

04EB 04LB 04LP 05EB

04LB 0.74**

04LP 0.79** 0.90**

05EB 0.93** 0.64** 0.65**

05EP 0.92** 0.72** 0.84** 0.80**
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Table 3 Putative markers identiWed in S. oYcinarum ‘Louisi-
ana Striped’ based on composite interval mapping analysis in an
interspeciWc cross between S. oYcinarum £ S. spontaneum for

the traits Brix (B) and pol (P) evaluated at the early (E) and late
(L) growing seasons in the years 2004 (plant cane, 04) and 2005
(Wrst ratoon, 05)

Trait LGa Markerb LOD scorec Partial R2d Additive eVect

04EB L6 EM1286 4.62 21.2 0.109

EM1186 7.48 34.3 ¡0.168

L8 EM475 4.42 11.3 ¡0.058

L15 EM11714 4.56 3.0 0.053

L35 EM287 2.92 15.1 ¡0.068

L40 EM486 4.60 17.4 0.092

L49 PM05810 4.56 15.9 0.088

Adj. R2 = 48.4

04LB L3 EM7717 4.32 9.8 ¡0.238

L6 EM1286 5.07 6.9 0.258

EM1186 7.05 27.2 ¡0.397

L8 EM475 3.11 12.1 ¡0.135

L20 EM886 3.44 4.4 0.150

L49 PM05810 2.76 15.1 0.152

Adj. R2 = 35.5

04LP L3 EM7710 3.53 9.2 ¡0.45

L4 EM12811 2.51 9.4 0.35

L6 EM1186 2.93 12.7 ¡0.40

L21 sr669 3.35 8.6 ¡0.39

L33 sus41 2.82 3.4 ¡0.33

Adj. R2 = 22.1

05EB L6 EM1286 4.08 21.6 0.114

EM1186 6.35 32.2 ¡0.173

L8 EM475 4.22 11.0 ¡0.061

L35 EM287 2.65 16.7 ¡0.049

L40 EM486 3.88 19.8 0.095

L49 PM05810 2.98 14.4 0.077

Adj. R2 = 47.4

05EP L15 EM11718 3.15 9.1 0.175

L21 sr669 3.86 14.2 ¡0.176

L30 EM14813 4.97 12.5 0.196

L35 EM287 3.59 7.8 ¡0.142

L45 sr151 4.73 15.0 0.221

L49 PM05810 4.03 12.6 0.205

Adj. R2 = 36.2

Avg. adj. R2 = 37.9

a The construction of linkage groups was described in Alwala et al. (2008b)
b Markers that were repeated across seasons and crop-years are denoted in either bold, italics or underlined. Marker names starting
with ‘EM’ or ‘PM’ represent EcoRI–MseI and PstI–MseI based AFLP markers, respectively, ‘sr’ represent SRAP markers while ‘sus’
represent TRAP markers
c The threshold LOD score was 3.01 as detected by 1,000 run permutation tests and the QTLs with >3.01 LOD score in any one season
or crop-year were declared putative QTLs
d Partial R2 is the proportion of phenotypic variation explained by individual QTLs and adjusted R2 is the proportion of total pheno-
typic variation explained by all QTLs in the Wnal model after adjusting for number of terms in the multiple regression model
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explaining a variation of 7.0% and 4.8%, respectively.
Three QTLs were observed for 04LB (on LG S5, S12
and S36) explaining a total variation of 43.0%. The
variation accounted for by individual 04LB QTLs
ranged from 3.8% (PM0781 on LG S36) to 15.1%
(PM0983 on LG S5). For the trait 04LP, two QTLs
were observed explaining a total variation of 9.3%.
The variation explained by individual QTLs ranged
from 10.8% (sr424 on LG S21) to 12.0% (EM11711
on LG S1).

In 2005, one signiWcant QTL was observed for
05EB on LG S33. The phenotypic variation explained
by 05EB QTLs was found to be 23.0%. Three QTLs
were observed for 05EP on LG S1, S20 and S41
explaining a total variation of 17.2%. The QTL on LG
S33 (EM1477) was common to 04EB and 05EB.
Remarkably, about half of the QTLs contributed by

S. spontaneum, the low sucrose parent, were posi-
tively associated with sucrose accumulation.

Digenic interactions

The number of signiWcant linear £ linear digenic
interactions detected in S. oYcinarum ranged from 1
(in 05EP) to 4 (04LP) with a total of nine interacting
QTLs (iQTLs) (Table 5). The total phenotypic varia-
tion accounted by all iQTLs within a trait ranged from
4.2% (05EP) to 22.3% (04LP).

Three signiWcant digenic iQTLs were detected in
S. spontaneum, two in 05EP and one in 04LP. The
total phenotypic variation explained by 04LP and
05EP iQTLs was 8.4% and 8.0%, respectively. No
digenic interactions were detected for the rest of the
three traits (Table 5).

Table 4 Putative markers identiWed in S. spontaneum ‘SES
147B’ based on composite interval mapping analysis in an inter-
speciWc cross between S. oYcinarum £ S. spontaneum for the

traits Brix (B) and pol (P) evaluated at the early (E) and late (L)
growing seasons in the years 2004 (plant cane, 04) and 2005
(Wrst ratoon, 05)

Trait LGa Markerb LOD scorec Partial R2d Additive eVect

04EB S5 PM0972 3.56 7.0 0.122

S33 EM1477 3.77 4.8 ¡0.093

Adj. R2 = 31.3

04LB S5 PM0983 3.97 15.1 0.308

S12 sr416 2.62 8.1 ¡0.140

S36 PM0781 2.96 3.8 0.115

Adj. R2 = 43.0

04LP S1 EM11711 2.93 12.0 ¡0.42

S21 sr424 3.07 10.8 ¡0.52

Adj. R2 = 9.3

05EB S33 EM1477 2.91 2.7 ¡0.073

Adj. R2 = 23.0

05EP S1 EM1176 4.70 14.2 ¡0.27

S20 sr361 2.90 9.0 0.18

S41 EM372 3.54 10.1 0.21

Adj. R2 = 17.2

Avg. adj. R2 = 24.7

a The construction of linkage groups was described in Alwala et al. (2008b)
b Markers that were repeated across seasons and crop-years are denoted in bold. Marker names starting with ‘EM’ or ‘PM’ represent
EcoRI–MseI and PstI–MseI based AFLP markers, respectively, ‘sr’ represent SRAP markers while ‘sus’ represent TRAP markers
c The threshold LOD score was 2.90 as detected by 1,000 run permutation tests and the QTLs with >3.01 LOD score in any one season
or crop-year were declared putative QTLs
d Partial R2 is the proportion of phenotypic variation explained by individual QTLs and adjusted R2 is the proportion of total pheno-
typic variation explained by all QTLs in the Wnal model after adjusting for number of terms in the multiple regression model
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Discriminant analysis

For each of the traits and in both parents, DA identi-
Wed a minimum of 10 of the most informative mark-
ers that could correctly classify about 99% (or <1%
error rate) of the genotypes into the appropriate group
(low, intermediate and high) (Tables 6, 7).

Several of the markers identiWed by DA were
found to be common to Brix and pol in the early as
well as the late plant growing seasons and across both
crop-years. In S. oYcinarum, the marker sr546 was
common to 04EB and 04LP, EM1182 was common to
04EB and 05EP and the marker EM473 was common
to 04LB and 05EP (Table 6). Two markers sr2211
and EM1572 were consistently detected for 04EB and
05EB. Likewise, in S. spontaneum, three markers
sr157, cd54 and EM872 were common to 04EB and
05EB (Table 7). The marker PM02714 was detected
for 04LP and 05EB and EM575 was detected for
04LP and 05EP.

Some markers identiWed by DA were either identi-
cal to (e.g., EM1186 on LG L6, EM287 on L35 and
PM05810 on L49 in S. oYcinarum; sr416 on S12 and
sr424 on S21 in S. spontaneum; Tables 6 and 7,
Fig. 2) or localized in the vicinity of QTLs (e.g., in
S. oYcinarum, marker EM774 is at 6 cM distance
from EM7717 on LG L3, marker EM1182 at 20 cM
distance from EM1186 on LG L6, marker EM11715
at 19 cM distance from EM11714 on LG L15 and in

S. spontaneum, marker EM1172 is at 27 cM distance
from EM1176 on LG S1 and PM0974 is at 12 cM
from PM0972 on LG S5; Fig. 2). Discriminant analy-
sis also pointed to previously unidentiWed markers
some of which remained unlinked on the map and so
could not have been identiWed by the CIM approach
(Tables 6, 7).

Discussion

The moderate to high broad sense heritability values
observed among genotypes in this study mirror what
has been reported repeatedly for these traits using
other sugarcane populations (Kang et al. 1983; Milli-
gan et al. 1990, 1992; Hoarau et al. 2002; Aitken et al.
2006). To the extent that broad sense heritability val-
ues account for the precision with which genotypic
diVerences can be measured, it can be said that the
phenotypic data obtained in this study were appropri-
ate for QTL analysis.

Composite interval mapping analysis detected sev-
eral putative QTLs associated with sucrose accumula-
tion in these two progenitor species of cultivated
sugarcane. As previously reported by ReVay et al.
(2005) and Ming et al. (2001), both progenitor species
contributed alleles whose eVect on the phenotype
were opposite to what is to be expected based on the
phenotype of the parent contributing the allele. The

Table 5 The linear £ linear digenic interacting QTL (iQTL) detected in the S. oYcinarum ‘Louisiana Striped’ and S. spontaneum
‘SES 147B’ parents

The traits measured included Brix (B) and pol (P) evaluated at the early (E) and late (L) growing seasons in the years 2004 (plant cane,
04) and 2005 (Wrst ratoon, 05)

* The P values are signiWcant at the 0.05 level
a Number of linear £ linear digenic interacting QTLs as observed from multiple regression analysis
b Proportion of phenotypic variation explained by interacting QTLs
c Proportion of total phenotypic variation explained by all interacting QTLs in the Wnal model after adjusting for number of terms in
the multiple regression model

Trait Number of 
interacting QTLa

Range of 
partial R2b

Adjusted R2c Range P* 
values

S. oYcinarum

04LB 2 5.1–9.6 12.7 0.01–0.03

04LP 4 4.0–7.9 22.3 0.009–0.01

05EB 2 4.0–3.8 5.3 0.03–0.05

05EP 1 5.5 4.2 0.04

S. spontaneum

04LP 1 9.4 8.4 0.004

05EP 2 5.0–5.1 8.0 0.006–0.03
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high sucrose species, S. oYcinarum, contributed alleles
that reduced sucrose content whereas alleles contrib-
uted by the low sucrose species, S. spontaneum,
increased sucrose content. This could partially be
responsible for the transgressive segregation found
for these traits (Fig. 1) and highlights the importance
of implementing marker assisted selection in sugar-
cane during introgression. Regardless of which one of
these two progenitor species is being used for intro-
gression, it would be necessary to identify and purge
alleles that reduce sucrose content while selecting for
the more favorable ones.

Individual QTLs (partial R2) accounting for varia-
tion as high as 21.6% (EM1286 on L6 for 05EB) in
S. oYcinarum and 15.1% (PM0983 on LG S5 for
04LB) in S. spontaneum were found in this study. Seg-
regating QTLs with eVects of comparable magnitude
have been reported by Ming et al. (2001, 2002) in two
relatively large populations (>230 individuals) derived
from two diVerent S. oYcinarum £ S. spontaneum

interspeciWc crosses [evidence suggests that one of the
S. oYcinarum parents “Green German” is a hybrid of
unknown origin (Edmé et al. 2006)]. However, using
comparatively large populations (>200 individual)
derived from elite commercial cultivars, Hoarau et al.
(2002) and Aitken et al. (2006) detected QTLs for
sugar content of much smaller magnitude, ranging
from 3–7% to 3–9%, respectively. Both authors attrib-
uted the small magnitude of the QTLs to the fact that
recurrent selection for sucrose genes had concentrated
favorable alleles to the extent that it diminished the
contrast between individual QTLs. The ability to detect
QTLs depends in part on the magnitude of QTL eVects,
and the structure and size of the mapping population.
Thus, the extent to which the QTL eVects detected in
our study was biased by the relatively small population
size (100 individuals) and lack of a dense map is
unknown. A much larger population size than used in
this study would be necessary to better appreciate the
true number of loci governing these traits.

Fig. 2 Examples of linkage group locations of markers associ-
ated with sugar-related traits as identiWed by the discriminant
analysis (DA) and composite interval mapping (CIM) analysis
approaches. The DA-identiWed markers are underlined, CIM-
identiWed markers are in bold and markers common to DA and
CIM are represented as both bold and underlined. L1, L3, L6,
L15, L33 and L35 are the linkage groups from S. oYcinarum

whereas S1, S3, S4 and S5 are from S. spontaneum. Marker
names with ‘EM’ or ‘PM’ represent EcoRI–MseI and PstI–MseI
based AFLP markers, respectively, ‘sr’ represent SRAP mark-
ers and ‘sus’, ‘cd’ or ‘sai’ represent TRAP markers. The asterisk
indicates markers aVected by segregation distortion (see Alwala
et al. 2008b)
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Early harvesting of sugarcane would have remark-
able beneWts for the Louisiana sugar industry. In this
study, however, only two QTLs identiWed in
S. oYcinarum were unique to the early plant growing
season. More QTLs and the direction of their eVect
were common to both the early and late part of the
growing season which explains the high correlation
found among the traits in the early and late seasons in
this and other studies (Jackson and Morgan 2003). For
early harvesting to be proWtable, genotypes would
have to accumulate sucrose at levels high enough for
commercial exploitation. A recurrent selection
approach incorporating molecular markers could be
used to increase the frequency of favorable alleles for
early sucrose accumulation.

Six QTLs (20%) contributed by the S. oYcinarum
parent (EM1186 and EM1286 on LG L6, EM287 on
L35, EM486 on LG L40, PM05810 on LG L49 and
EM475 on LG L8) and one QTL (9%) from the
S. spontaneum parent (EM1477 on S33) were consis-
tent across the two crop-years (2004 and 2005). The
low number of consistent QTLs observed across crop-
years could be partly due to genotype-year interactions
which is common in sugarcane studies (Kang et al.
1987; Jackson and Hogarth 1992). Secondly, with a
relatively sparse linkage map, it is possible that diVer-
ent markers actually represent QTLs from the same
region as the smaller LGs could potentially be parts of
large LGs. Nevertheless, it is remarkable that, in both
parental species, the direction of the QTL eVects
remained consistent across seasons (early versus late)
and crop-years (2004 vs. 2005) as previously reported
by Aitken et al. (2006) and Hoarau et al. (2002). Such
robust QTLs could form the foundation for a successful
marker assisted breeding program in sugarcane.

A total of nine interacting QTLs were found for
S. oYcinarum and three for S. spontaneum but their
biological signiWcance is yet unknown. These digenic
interactions explained a signiWcant amount of pheno-
typic variation in the Wnal model, but they were not
consistent across years. This apparent lack of consis-
tency has been reported in other sugarcane studies
where relatively larger (>200) populations have been
used (Hoarau et al. 2002; Aitken et al. 2006). Because
epistatic interactions were tested only among the
detected QTLs, one might assume that several other
interactions between non-QTLs went undetected. Inter-
actions involving QTLs and non-QTLs have been
reported in other crop species (Kulwal et al. 2004; Li

et al. 1998). Better planned studies involving larger
populations which should also include the backcross
generations are needed to better model epistatic eVects
in sugarcane.

The notion that TRAP, SRAP and PstI–MseI–
AFLP primers could be targeting gene rich regions of
the genome has made them attractive tools for QTL
mapping studies (Li and Quiros 2001; Liu et al. 2005;
Wang et al. 2006; Miklas et al. 2006; Alwala et al.
2006, 2008b) and prompted us to include them in our
study. Sequenced SRAP amplicons from Brassica (Li
and Quiros 2001) and Cucurbita (Ferriol et al. 2003)
when used in BLAST searches revealed signiWcant
similarities to reported gene sequences found in
Genebank databases. For TRAP markers, the forward
or Wxed primers used in this study were designed
from sucrose-related gene/EST sequences (Hu and
Vick 2003; Alwala et al. 2006). Whereas, the PstI–
MseI–AFLP primers could present a unique opportu-
nity to preferentially amplify unmethylated (actively
transcribing) portions of the genome since transcrip-
tion occurs more readily in theses regions (Cedar
1988). SRAP (sr416 on LG S12 and sr424 on LG S21
in S. spontaneum), TRAP (sus41 on LG L33 in
S. oYcinarum) and PstI–MseI–AFLP (S. oYcinarum:
PM05810 on LG L49; S. spontaneum; PM0983 on
LG S5 and PM0781 on LG S36) derived QTLs were
detected in this study. Furthermore, most of the
digenic interactions observed in this study involved
either a PstI–MseI–AFLP, SRAP or TRAP marker.
Of the three iQTLs detected from S. spontaneum, two
involved a SRAP marker and one involved a PstI–
MseI marker. For S. oYcinarum, two out of the four
04LP iQTL involved a SRAP marker. It is also possi-
ble that other potential QTLs went undetected since
the TRAP, SRAP and PstI–MseI–AFLP primers
ampliWed few polymorphic loci and detected even fewer
single dose fragments compared to the EcoRI–MseI–
AFLP primers (Alwala et al. 2008b). We interpret these
data with caution because whether these QTLs are
merely coincidental or have some signiWcance as can-
didate genes can only be determined by sequence
homology studies.

We used the QTLs detected in our mapping popula-
tion as a reference to validate the credibility of DA, a
non-parametric approach for detecting marker-trait
associations that is commonly used to map human dis-
eases (Cardon and Abecasis 2003). The DA identiWed a
minimum of 10 markers for each trait which appears to
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be the theoretical limit since according to Cruz-Castillo
et al. (1994) the number of competent markers is not to
exceed 10% of the population size. We found markers
identiWed by DA that were either identical to or local-
ized in the vicinity of QTLs. The DA also detected
markers that were not linked on the map or that were
linked but not declared as QTLs by the CIM approach.
These markers may point to new loci aVecting the traits
that went undetected by CIM perhaps because the maps
were unsaturated. These results suggest that the DA
approach could be applied in sugarcane, a crop for
which dense linkage maps are diYcult to achieve.
These results are encouraging but the potential power
of the DA approach can only be realized when the
markers are detected in the actual populations in which
the marker assisted breeding is planned.

Summary

Molecular breeding via marker assisted selection
(MAS) is being used as complementary practice in tra-
ditional plant breeding methods where improvement of
a quantitative trait has been diYcult or ineYcient
(Morgante and Salamini 2003). In this study, we
detected several putative marker-QTL associations for
Brix and pol using an interspeciWc S. oYcinarum £
S. spontaneum cross. The important aspect of this study
is the consistency of QTLs detected for Brix and pol
across diVerent seasons within a crop-year and across
diVerent crop-years. Another notable aspect of this
research was the identiWcation of QTLs having a posi-
tive eVect on sucrose accumulation from the wild
S. spontaneum and QTLs with a negative eVect from
S. oYcinarum, the sugar producing species. Therefore,
regardless of which one of these two progenitor species
is being used for introgression, it would be necessary to
identify and purge alleles that reduce sucrose content
while selecting for the more favorable ones. A good
proportion of the markers identiWed by DA were either
similar to or in the vicinity of QTLs implying the
potential of the DA method for detecting marker-trait
associations in sugarcane. DA also identiWed several
markers that were not linked on the linkage map such
that they could not be detected by the QTL analysis.
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